In the present work, sensitive and selective determination of teriflunomide (Trf) on an edge plane pyrolytic graphite electrode (EPPGE) using differential pulse voltammetry (DPV) is presented for the first time. It was found that Trf gives a single well-defined oxidation peak at ca. Trf was also studied. Moreover, to understand the electrooxidation process of Trf on EPPGE, cyclic voltammetry (CV) was employed. Additionally, the surface topography and morphology of the EPPGE were characterized by atomic force microscopy (AFM) and scanning electron microscopy (SEM), respectively. The surface area of EPPGE was calculated based on the Randles-Sevcik equation.
Introduction
The most famous and incurable autoimmune disease that attacks the central nervous system is multiple sclerosis (MS).
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The disease's symptoms occur when the myelin sheaths in nerve cells in the central nervous system (brain and spinal cord) are damaged and consequently cause abnormal impulse transmission.
2 Multiple sclerosis can cause a variety of symptoms and syndromes, and the most common are movement disorders, sensory, cerebellar (balance disorder), visual disturbances, pain syndromes, and psychiatric symptoms (cognitive and mood disorders). 3 There is no medicine which could completely stop the progression of the MS, but there are many drugs and therapeutic approaches that are helpful to reduce the symptoms of the disease. 3 One of them is teriunomide (Trf, (2Z)-2-cyano-3-hydroxy-N- [4-(triuoromethyl) phenyl]but-2-enamide, Fig. 1 ). Trf is an immunosuppressive drug with antiinammatory properties which selectively and reversibly inhibits the mitochondrial enzyme dihydroorotate dehydrogenase (DHO-DH) required for the de novo pyrimidine synthesis. 4 As a consequence of conned de novo pyrimidine production, Trf reduces the proliferation of activated T and B cells, which are thought to participate in the inammatory process in the central nervous system. 5 Trf was accepted by the FDA (Food and Drug Administration, USA) on September 2012, and in the European Union on August 2013 for the treatment of adult patients with relapsing-remitting multiple sclerosis (RRMS). 6 On the basis of the literature survey, the most popular technique for the determination of Trf in biological uids or pharmaceutical formulations is chromatography, i.e. highperformance liquid chromatography with UV detection (HPLC-UV), 7 liquid chromatography-tandem mass spectrometry (LC-MS/MS), 8, 9 liquid chromatography with UV detection (LC-UV), 9 and chromatography-electrospray-tandem mass spectrometry (LC-ESI-MS/MS). 10 These methods belong to one of the most selective and sensitive, but on the other hand, they have some disadvantages, i.e. time consuming and tedious analysis, expensive instruments and large consumption organic solvents. In addition, the pretreatment procedure (plasma preparation, derivatization, extraction process and purication) is required in the analysis of complex matrices such as human urine, blood or serum.
11 Electrochemical methods including voltammetric techniques are characterized by high selectivity, sensitivity, reproducibility, rapid response of detection, and low cost of equipment, and very oen they are used for the determination of a wide range of pharmaceutical substances. [12] [13] [14] To the best of our knowledge, no information about the voltammetric determination of Trf has been described in the literature.
So far, the carbon-based electrode materials, i.e. carbon paste, 15, 16 glassy carbon, 17, 18 boron-doped diamond, 19, 20 screenprinted carbon, 21, 22 and pyrolytic graphite, 23, 24 were commonly used as working electrodes in electrochemistry, and were shown to be an adequate choice for the large number of applications.
Edge plane pyrolytic graphite (EPPG) is manufactured from highly ordered pyrolytic graphite (HOPG). The EPPGE is produced by cutting the desirable electrode surface geometry such that the layers of graphite lie perpendicular to the surface. 25, 26 Furthermore, the EPPGE is used in voltammetry as working electrode on the grounds of low background current, long term stability and reproducibility, high selectivity and sensitivity. 27 Moreover, EPPGE is characterized by strong adsorption properties and wide electrochemical window in aqueous solutions.
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In this paper, the application of EPPGE as a working electrode and the development of the procedure for the determination of Trf in spiked human urine samples by DPV technique was performed. To date, Trf has not been yet studied electrochemically on the other working electrodes. Attention was paid out to the elucidation of the nature of the used DPV peak of Trf at EPPGE. Special attention was given to the investigation of EPPGE by AFM and SEM and to the evaluation of the electrochemical active surface area.
Materials and methods

Instrumentation
Electrochemical experiments were performed using a mAutolab type II potentiostat-galvanostat (EcoChemie, Autolab B.V., Utrecht, The Netherlands) controlled by GPES soware (General Purpose Electrochemical System, version 4.9) in conjunction with an M164 electrode stand (MTM Anko Instruments, Cracow, Poland). A conventional three-electrode glass cell was used with a platinum wire (Pt, 99.99%, The Mint. of Poland S.A., Warsaw, Poland) as a counter electrode, silver/silver chloride electrode/ potassium chloride (Ag/AgCl, 3.0 mol L À1 KCl, Mineral, Poland)
as a reference electrode, and an edge plane pyrolytic graphite electrode (EPPGE, ALS Company Ltd, Japan) with an inner disc diameter of 6 mm as a working electrode. The pH measurements of the buffer solutions were carried out using an Orion Star pH meter (Model A111, Thermo Scientic, The Netherlands) with a pH electrode (type Polilyte Lab, Hamilton, Switzerland). The atomic force microscopy (AFM, Dimension Icon, Bruker, Santa Barbara, CA, USA) was used to characterize the topography of the edge plane pyrolytic graphite electrode surface. The scanning electron microscopy (SEM, Nova NanoSEM450, FEI) was applied to evaluate the surface morphology of EPPGE.
Reagents and solutions
The was performed. CV and DPV were applied for electrochemical studies and quantication of Trf, respectively. CV experiments were performed in the potential range from +0.5 V to +1.3 V at different scan rates (n) from 10 mV s À1 to 400 mV s À1 . The optimal conditions for DPV measurements were as follow: BRBS, pH 3.0, modulation amplitude (E DP ) of 60 mV, modulation time (t DP ) of 30 ms, interval time (t int ) of 200 ms, and step potential (DE s ) of 10 mV. Following procedure was applied to obtain the blank voltammograms: 9 mL of the supporting electrolyte and 1 mL of the methanol were transferred into the cell. To achieve the DP voltammograms of Trf, appropriate volumes of the stock solutions of immunosuppressive drug and methanol were added to the cell containing supporting electrolyte (9 mL) on total bulk of 10 mL. The calibration curve was constructed from the average of four replicate measurements for each concentration. The measured signals were evaluated by using the moving average with a peak width of 2 mV included in GPES 4.9 soware. The linear least-square regression was used in the construction of calibration curve. The results were reported with condence interval for 95% probability. LOD was calculated as three times the standard deviation of peak heights divided by the slope of the calibration curve while LOQ was counted as the concentration of the analyte, which gave a signal ten times the standard deviation of the lowest evaluable concentration. were prepared only by dilution (without purication and ltra-tion). The procedure of diluting human urine samples was performed as follows: 10 mL of urine was transferred to a 10 mL calibrated ask and lled up to the mark with water. Thereaer, in order to investigate the possible interferences from urine, 1 mL of diluted urine was placed in a voltammetric cell containing 9 mL supporting electrolyte. Then, the DP voltammogram of the blank was recorded. In the next step, the spiked samples of urine were prepared as follows: 10 mL of urine and 1 mL of Trf (1.0 Â 10 À3 mol L À1 ) were added to a 10 mL calibrated ask and was diluted to the mark with water (the nal Trf concentration in cell was 1.0 Â 10 À5 mol L À1 ). Next, 1 mL of spiked diluted urine with Trf was transferred to the electrochemical cell containing 9 mL B-R buffer, pH 3.0. The DPV curve was recorded under the same conditions as for diluted urine. The concentration of Trf was measured by DPV using the standard addition method. Therefore, succeeding additions of Trf were added to electrochemical cell at corresponding concentrations of: 5.0 Â 10 À6 , 1.0 Â 10 À5 , and 1.5 Â 10 À5 mol L À1 . The standard addition curve was performed in triplicate (n ¼ 3) with condence interval for probability (p) of 95%. frequency of 320 kHz were employed. AFM was operated in tapping mode to obtain the topography images at room temperature. The scanning electron microscopy was applied to evaluate the surface morphology of EPPGE. In the SEM measurements, a through lens detector (TLD) was used at a beam energy of 5 kV.
Results and discussion
Determination of the electrochemical active surface area of EPPGE
In this work, Fe(CN) 6 3À/4À as common benchmark redox system was selected to determine the electrochemical active surface area of EPPGE by CV and Randles-Sevcik equation. Thus, the cyclic voltammograms of
KCl as the supporting electrolyte were recorded at various scan rates (n) in the range of 10 mV s À1 to 500 mV s
À1
. A well-dened redox couple was observed due to the presence of ferricyanide/ferrocyanide. As can be seen from the voltammograms recorded for the different scan rates (Fig. A1 in ESI †) , two well-dened signals (anodic and cathodic peaks) were obtained. It was found that the peak-to-peak separation (DE) of cathodic and anodic peak was in the range from 146 mV to 298 mV, and the ratio of cathodic (I p,c ) and anodic (I p,a ) peak current was in the range from 0.96 to 0.99. The relationship of anodic or cathodic peak current vs. the square root of the scan rate (n 1/2 )
can be expressed by the equations (eqn (1) and (2)):
To determine the electrochemical active surface area for a reversible electrode process, I p is dened by the RandlesSevcik equation 30 (eqn (3)):
where 
AFM and SEM characterization of EPPGE surface
Prior to the use of the electrode material for electrochemical analysis, it is important to investigate the working electrode surface. Therefore, the microscopical characteristics of the EPPGE were performed using SEM and AFM. As can be seen from SEM images (Fig. 2B) , the surface of EPPGE is fabricated from graphite platelets, which are perpendicular to the basal plane. The edge planes of the graphite platelets are characterized by the different length, height and various spacing. These properties were conrmed by AFM images (height and amplitude images) which are presented in Fig. 2A . The compact areas as well as areas with large crevices can be observed on EPPGE surface, what is clearly visible on the AFM amplitude images. The cross-section prole taken from the AFM height images ( Fig. 2A) showed that the depth and width of crevices are from a few nanometers to few hundred nanometers. The roughness surface parameters (RMS) and surface area difference (SAD) were determined using the Bruker Nanoscope Analysis soware (version 1.4). It was found that the RMS value for a scan area of 50 mm Â 50 mm was equal to 108.3 AE 22.8 nm, and SAD value was calculated as 6.1 AE 0.4%.
Electrochemical behavior of Trf
To evaluate the response of Trf on the EPPGE, the electrochemical study was performed employing CV. The valuable information concerning the electrode reaction mechanism (rate-determining step) can be accomplish from the relationship between the I p and n. Thus, the cyclic voltammograms for Trf (5.0 Â 10 À5 mol L À1 ) were recorded in BRBS at pH 3.0 at different scan rates from 10 mV s À1 to 400 mV s À1 . The welldened anodic peak of Trf at a potential of ca. +1.0 V on the EPPGE was obtained as depicted in Fig. 3 . Moreover, sufficiently low background current on EPPGE was observed due to low interfacial capacitance (the inset of Fig. 3 ). It was found that in the presence of Trf, no redox peaks were observed in the cathodic run in the investigated potential window. This behavior suggests an irreversible process on the EPPGE. The peak potential (E p ) of the oxidation peak of Trf was also dependent on scan rate, and shied to more positive values with increasing the n (Fig. A2A in ESI †) . This behaviour corroborates the irreversibility of the electrode reaction. Furthermore, the studies on the scan rate were carried out to evaluate the rate-limiting step on EPPGE (diffusion-or adsorption-controlled). The dependences of the I p vs. n 1/2 was linear ( Fig. A2B in ESI †) which is characteristic for a typical diffusion-controlled process. 32 The above-mentioned relation can be expressed by following equation (eqn (4)): 
In addition, the effect of logarithm of oxidation peak current (log I p ) of Trf on the logarithm of scan rate (log n) was investigated ( Fig. A2C in ESI †) . The above data yields the following equation (eqn (5)):
A plot of log I p vs. log n gave a straight line with slope of 0.49. This value is very close to the theoretical value of 0.5, which indicated that the transfer process of Trf to the electrode surface was diffusion-controlled.
33
For an irreversible process at 25 C, the number of electrons taking part in the electrode process of analyte can be calculated from the difference between the E p and half wave potential (E p/2 ) according to the equation given by Nicholson and Shain
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described as (eqn (6)):
where DE p is the potential difference, a is the so-called charge transfer coefficient, and n is number of electrons. Thus, the obtained value of an was calculated, and it was equal to 0.91. Due to the fact that a for irreversible processes is 0.5, the number of electrons transferred in Trf oxidation on EPPGE was calculated as 1.82 ($2). The possible oxidation of Trf at EPPGE occurs presumably at the nitrogen of the p-triuorotoluidil moiety forming N-acetylated imine derivative by the nucleophilic addition of methoxy group (Trf was dissolved in methanol) at the para position. Similar conclusion was drown for leunomide, the metabolite of Trf. 35 During electrooxidation of Trf on EPPGE, p-triuorotoluidil moiety lost two electrons and one proton. It can be stated that aer electrooxidation process of Trf, keto and enol tautomeric forms exist in solution. Generally, the equilibrium between tautomers is not only rapid under normal conditions, but it is oen stronger in acidic medium, 36 and keto-enol tautomerism alludes to a chemical equilibrium between a keto and an enol forms (an alcohol).
Based on the above considerations, the oxidation mechanism of Trf on EPPGE in acidic medium was proposed, and it is presented on Scheme 1. 
Inuence of pH and DPV parameters on the voltammetric behavior of Trf
An important stage in this study was choosing the pH of the supporting electrolyte. In our work, the effect of BRBS on Trf (5.0 Â 10 À5 mol L À1 ) over a pH range from 2.0 to 11.0 was examined using DPV. The obtained voltammograms are depicted in Fig. 4A . It was found that Trf provided one oxidation peak at positive potentials (in the range of ca. 0.9-1.0 V) in BRBS, except for the pH 4.0 and 5.0 where two peaks were observed at potentials of ca. +0.9 V and +1.2 V, respectively. As can be seen from Fig. 4B (>, le y axis), the rapid enhancement of the peak current of Trf with increasing pH was indicated with maximum at pH 4.0. Thereaer, I p started to decrease progressively. The highest analytical signal was obtained at pH 4.0, nevertheless, the best results for Trf, i.e. well-dened voltammetric prole peak and low background current were obtained with BRBS at pH 3.0, thus, this medium was used for further voltammetric experiments.
In addition, the shi of the peak potential of Trf was observed with increasing pH as depicted in Fig. 4B (A, right y  axis) . The evolution of E p vs. pH showed two linear segments in the pH ranges between 2.0 and 4.0 and 4.0 and 11.0. The dependence of anodic peak potential (E p ) on the pH of supporting electrolyte can be presented by the following equations (eqn (7) and (8)):
It was found that the peak potentials shied towards less positive values (from +1.09 to +0.87 V) with the slope of À96 mV pH À1 in the pH range 2.0-4.0 (eqn (7)). As can be seen from were shied towards more positive values (from +0.87 to +1.07 V) with the slope of 25 mV pH
À1
. It is worth mentioning that the presence of two linear segments with breakdown in pH 4.0 was observed, and this change can be linked with the pK a value of Trf (theoretical value of 3.1).
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A very important step in the development of an electroanalytical methodology is optimization of parameters, which can inuence the current response. Thus, the DPV parameters such as modulation amplitude (E DP ), modulation time (t DP ), and step potential (DE s ) were studied in order to nd the best experimental conditions for the quantication of Trf (
). During optimization, each parameter was gradually changed, while the others were kept a constant value. The DPV parameters, such as step potential of 10 mV, modulation amplitude of 60 mV, modulation time of 40 ms, and interval time (t int ) of 200 ms, represent the optimum values with satisfactory height of current response of Trf (Fig. A3 in ESI †) .
Analytical characteristics of Trf
DPV technique was applied for the determination of Trf in BRBS (pH 3.0). Calibration curve for quantication of Trf was constructed by plotting the dependence of peak current vs. concentration of Trf (c Trf ) under previously optimized experimental conditions described in Section 3.4. The proportional increase of the I p values with increasing c Trf was observed in the linear dynamic range (LDR) of 2.5 Â 10
The linear calibration plot along with error bars is presented in Fig. 5 . Equation according to calibration graph is given below (eqn (9)):
The characteristics and related validation parameters of the calibration equations are summarized in Table 1 . LOD and LOQ were calculated from the data obtained from the analytical curves as described in the Section 2.3.1, and they were equal to 6.2 Â 10 À7 mol L À1 and 2.1 Â 10 À6 mol L À1 , respectively. The precision (repeatability) was evaluated by four repetitive determinations (n ¼ 4) for each concentration of Trf. The results showed that relative standard deviation (RSD) of the DPV peak current was ranged from 1.0% to 5.5%. In addition, the obtained results for different concentrations of Trf in the investigated concentration range were used to calculate the precision (RSD) which was changed in the range from 1.1% to 8.5%. To conclude, the proposed methodology could be used to determine Trf with satisfactory precision on the EPPGE. Taking into account the electrochemical behavior of Trf (paragraph 3.3). it is worth to add, that the obvious shi of the peak potential on concentration of Trf (Fig. 5) probably comes from the complexity of the electrode mechanism. The tautomeric equilibrium of Trf is the reactant of the electrode reaction, considering the proton exchange identically as in the product, between OH group and the C2 atom where cyano group is attached. Further, protonation of the N atom occurs in acidic medium, which is the reason for very complex pH dependence depicted in Fig. 4 . Moreover, the other follow-up chemical reactions coupled to the electrode reaction are also probable, which make the electrode reaction irreversible. Thus, a complex combination of tautomeric equilibriums of Trf of the electrode reactions, protonation reaction of the product, and follow-up chemical reactions of the product, all together make a very complex scenario of the electrode mechanism, which is manifested as a dependence of the peak potential on the concentration.
Determination of Trf in spiked samples of human urine
The EPPGE was applied to determine Trf in spiked samples of urine using DPV technique. Before analysis, the fresh urine was collected from volunteer and the samples of urine were prepared in an appropriate way, as described in Section 2.3.2. Furthermore, the standard addition method was applied for the determination of Trf in spiked urine as it was depicted in Section 2.3.2.
The DP voltammograms and the corresponding standard addition plot are illustrated in Fig. 6 . The average results of three replicate measurements were presented as condence interval for 95% probability. Table 2 displays the results of analysis of human urine samples with sufficient average recovery value of 99.3% and with the RSD of 4.2%. To conclude, the obtained results showed that the proposed DPV method could be used for the determination of Trf in the complex matrix of human urine samples. The method is adequately accurate and suitable for quantication of Trf.
Interference study
The selectivity of proposed method was estimated via the investigation of the impact of potential interfering agents, which could occur in the human urine as described in Section 2.3.3. It was found that many of interfering substances affected on determination of Trf (except of Mg 2+ ). Moreover, no signi-cant decrease on peak current with changing ratio of concentrations of Trf on Int (c Int : c Trf ) of 0.5 : 1, 1 : 1, 2 : 1, 5 : 1, and 10 : 1 was observed for the uric acid, paracetamol, ascorbic acid, and epinephrine. It was found that initially the peak currents increased for the ratios of ascorbic acid and K + , Na + , Ca 2+ of 0.5 : 1, 1 : 1, and then in the ratios of 2 : 1, 5 : 1, and 10 : 1 slightly decreased. The results are illustrated in Fig. 7 . Notwithstanding, it can be stated that an insignicant impact of interferents was observed and the DPV method at EPPGE suggest the promising opportunity for the determination of Trf. . The inset presents the corresponding standard addition graph of Trf. The error bars were constructed as confidence intervals (t (p¼95%,n¼3) ¼ 4.30). 
Conclusions
In the present work, EPPGE in combination with DPV was applied for the rst time to develop the novel, simple, fast and inexpensive voltammetric method for quantication of Trf. The proposed procedure was employed for the determination of Trf in the spiked human urine with good recoveries. It was showed that EPPGE electrode may be used as sensitive working electrode in clinical analysis of different biologically active compounds and could substitute complex and costly separation methods. Furthermore, this method requires signicantly less organic solvents in comparison with the chromatographic techniques. The interference study revealed that the use of proposed method in this kind of analysis could be limited depending on the presence of some common compounds. Moreover, the proposed electrode can also be used for the analysis of urine samples of patients undergoing treatment with teriunomide to evaluate Trf present in urine samples with no special pretreatment of samples except suitable dilution. Hence, the EPPGE is also likely to be useful device for quality control analysis in analytical laboratories and pharmaceutical industries.
